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‘1’hc  opplicir(ion OF rwnotc sensing to [he skIdy of VOICLJOOCS  hus oclvanccd considerably in
rcccnt  yeors, ‘l’he ovailtillili[y ot’ digikll multispcclrd  clu(ti. ucquirecl from ~J(ellite or airborne
instruments, has allowed  US tu int’cl” muny  propwtit!s  of (lie surt’wx !ntitcri~l.  Each wavelength
regiol] offers specific infer’matiol) rc[d[ing [o the chcmicdl aIId physic~l SILIIC of eruptive proct  -
UCIS. l?m reftcctecl visible through (hcrmirl pw[ of the spLztruIn  rcvcols in fcrrmdion relating to
iron oxidation state, vegctdtion  cover, devcloplneot  of sliico coatings, and presence of SOZ,
an]ong others. The microwuve pwt of the spectrum rcveuls in fcmnation relating  to surface
roughness ond dielectric constont visri~tioos.  The use of [twse dots [U study and map volcanoes
cm SJVC tinw and effort for mrpping;  ond CLIII grc~tly IL,rfuce tht! risk irssocidtcd with  doing
fieldwork on uc[ive VOICVIIOCS. Sutellilc inswu[ncnts duc [u hc Iaunchd  iu [hc next five years
promise to provide far better du[u then m currc’[l[ly aviiilublc from space.

1. IN’I’I<O1)LJC’I’ION

Remote sensing is proviug  to he a valuahlc tool for
studying volcanoes. 1.ar:e areas can be observed r:tpidly,
safely, and, if using sateili[es, frequently, 1[1 addition to
providing images  (somc[imcs  slercoscopic) colnparab]e  10
aerial photographs and  amenable to (Iw kadiiional  photo-
graphic interpretation, remo[e sensing irls[l”ut]lerl[llliorl
generally provides mtrl[ispcc[ral  dala ill digital lormat.
From these da[a, we can infer many properties of [hr
surface material. In this chapter, we will discuss remote
sensing at visible, infrared and microwave wavelengths.
There have bum some satellite observations of’ Maul]a Loa
and the island ot’ lIawaii  wi~h the Advanuxl  Very IIi:l}
Resolution Radiometer (AV} 11<1<), Japanese Earth Rcrnotc
S e n s i n g  (JERS-1), Landsa(, and IDrcnch  Socie[e Propri
d’Observrrtion  dc la ‘1’erfc  (SPO’I’)  sa[ellitcs m~d with Shtrttlc
imaging Radar (SIR-B and SIR-C) (see, l~~r exatnple, the
cover image depicting [k IsklrlrJ  of 1 [awaii  using S1)O”l’
satellite data combined wilh digiml clcvati(m; Chadwick, ct
al., personal coltllnu[lic:~[  if~t]). 1 [owcver,  [ht! nKMt dL!(iii  [cd
studies have u[ilized NASA airbon]e sensors, We will
emph,mizc  these ktltcr sludics here, as they best dC1llollsl]”:l[C
the potential of tk tcclmiqucs.

in section 2, wt! discuss the spectral  char:lclcris(ics 01”
materials on the surface of Maun;i 1,(xI.  lr] scc[ion  3. wc
show examptcs  O( multi spccuai remowly sensed d;lta ill [Ilc
visible through intr’aml wavelength r’t:iot}s:  in srx(ion 4,
we discuss remote scrlsing of S02 plume’s  using IIwrlnal
infrared (TIR) data: in scc~i(m 5 we discuss the use of’ mul -
tispectral &~ta for temperature dckwnination;  scctio[l  6 ckais
with radar remote sensing; atld finally, in scc(ion 7, wc
discuss ftrkrrc remote sensing 01 Mauna I Am. I~igurc 1 is
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an index map showing the loc’;l[i(Hls 01” [Iw ima:cs  [h:i[ will
be discussed in this paper,

2. EVC)l ,LJ’I’ION O[; SPIXTRA1.  l:I:A’l’(JRliS

2.1. Int roduct  ion: Spec[r(l[ basis  for t)wppin,g  ,J-r)tIL rcnw(t!
sensing dirm

The surface wcalhcring  ot’ MaunrI I.oa basal[s  is evi-
denced by distinct chemical i][ld  [n~~hiu)i~’~1  CIUUI:CS,  twgin-
ning during ini[iid cooling, ‘Illcse changes have kll Used
[o estimate the rclalive a:cs ot’ individual 11OWS ~Kahlc, C[
al., 1988; Abram, et al., 1991] Irom rcmo[c  scnsiu:  daia
in both Lhe visible [o shor[ wavelength il}t’r,w’ed  (SWIR)
region (0.5—2.4 pm) ancl p:wt ot’ the tkrlnal infriuut  (TIR)
region (8—1 2 vm).

On the windward sick of [he island of’ llawaii  all(l in
other humid areas,  vege[a[ion  growth is so rapid (hat lava
surfaces tare obscured lrom aerial view in a very Iew years.
In contrast, lava llows in ,arid regions on the island arc
nearly unvegetnttxl md  may rem,aill barKn lor long periods
of time. During this interval, (IIC chan:e  nms[  obvious LO
the eye is Lhe oxidation 01 iro[l. so that [he surtace, origi-
nally black or dtirk  brown, becomes reddish or [an
[ L o c k w o o d  and Lipman,  1987]. Other  less o b v i o u s
changes also occur, including the accretion of silica-rich
veneers or coatings (-80 W[ 7h Si02)  derived largely  Iroln
windblown soil [Curtiss, et al., 1985] or tephra [I%rr  and
Adams,  1984] ancl tiedeviwil’ic:l[  io[l[)fll~e [hill (-50  p11~)
glassy crusts or chill coals so common on fresh pahoehoc,
The coats may also spa]l  10 reveal a more vesicul:wcrys-
tallinesubstmte.  While the ilows arc still ac[ivc alKI (luring
cooling, acid aerosols in [he vicinity 01 gases cscapin:
from the melt call cause chemical changes [o the aircady
emplaced rock, leaching out iron aml o(her  ca[ions,  and
leaving a more silica-rich rock, In addition, mcchanic:ll
weathering of the I1OWS encourages colonization by vtgetil-
tion; very old llows in kipukas, Ior exafnplc, tend to bc
heavily vcgc[a[txl, lllect’lects t)ttilesc:~lld t)[l]crp]occsscs
orltiespcc~ll  cll:u[lc[cristics  tlfwe:~tilcrillg lava llows will
bcdiscusstxl  in morcdctail in (he next sec[ions.  We will
also show how ii has been possible to capi[aliz,c on tlwsc
spectral changes todctcrminc  rela[ivc  :tge relations of lava
flows on Mauna 1AM.

The spcc[rum  O! basalt in the visible to short wavc-
Iengtiinfrarul  (0.4–-2.4pll~)  rcgi~>[l is dominated by the
presenceof iron in its v:lriousc)xid:itit)ll  s[a(cs and by [he
presence ofvcgelatiou.  I.:lbt)r:lt[)ry  llle:~surell~u[ ~ts[)l”lltJw’s
of different ages illustrate lhc cllccts  01 iron f)xida[itm  on
the spectral behavior.

Fresh aa and pahochoc  Ilows arc b{)lh nearly Ilal spec-
trally and have very low albcdo throughtm~  the rc!flcutal~cc
p,art of the spectrum (l;igurc 2). Pahoehoe  Call be VCI”Y
smooth and hat and can exhibil strong specular rcllt!ctio[l.
Laboratory s[uclics were done on samples of basal[s col-
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lected from an awl on the north slope ot Maul]a 1AM
[Abrams,  et al., 1991].  Wilh incrcming age,  Lhc OVUI:I1l
reflectmce  increa,scs  (from 5-7% to ab{w t 12%) for I“]ows
u p  t o  about 4000 y e a r s  old, A[ (11c surnc lime. [here
develops a lall-ot’t’ in W!lCCXUKX at W blue end (-0.4 pin)
of the spec[rrrm  that bccomcs  p r o g r e s s i v e l y  mort
pronounced with age. “Ilwyat(ribukd  bt)[ll~)flllcscel’itcts
totiecotlversi~~  llt)flerr~}us  iron to ferric iron by oxida[ion
[Hunt  1977]. (;lletnic:ll:ll) :dysesc)f  [l)cs:illlplus \vc["cdL)llc
to measure tkfrmic kollct)lllc[]lt)llllc Kwks. ‘1’kre  isa
systematic incrtxrsc  with age 01 ferric iron, from 3,2% 10
4.670, which correlates  wi[h [he ohservcd  spectral
characteristics. ’I’heslopc ofthe retlectancccurvcs  be(wccn
0.8and0.4~nl  istilcrcf~)rc:i  g~)f)dlne:Lsute~  ~fUlc incrcaw
in ferric iron con[cnt, and Iwncc  is correla(d 10 incrc:lsillg
age.

Vegetation cover on Mauna Loa basal[s var’ics as a
function of age, rainfall and ekva[ion.  I[istoric l“lows arc!
essentially unvcgetakd  a[ highcrclt!va[ion  due [0 the laLk
of  soi l  ctevelopmcnt. Lower  down,  in awas 01 heavy
rainfall, lichcaconbcgin  to grow, especially on the rougher
aa, within 2-3 years.  l.ichcn grows early on these 11OWS
and after ti[nc isreplacwl  by other types ofvege[a[ioll.  Al
anekvation lcvelt>f  :tbout21001  rlc[crs, Ilows whose C-14
ages,are bctwrxn  200 and 1500 ymrshaveoa]y a few per-
cent cover of shrubs and grasses; flows wi[h C-14 agL’s
between 1500 and 4000 have 5-–1 5% cover: tlows older
than 4000 years old bccomc heavily vegctawct and ex[t!il-
sively wcatbcred. The spectrum of hcal[hy vegetation
(Figure 2) shows the prescncc of chlorophyll abstwp[ioi)
bands near 0.65 pm and 0.45 pm, a relative high in
reflecmnce netar 0.55 pm (the reason vegetation is g,recn 10
the eye), and very high rellccmnce  s[ar[in:  at 0.76 pm,
gradually dccrezsing towards longer wavcltmg[h duc to the
effects of water absorption bands,

The distinct, and systematic effects ot’ bo[h oxicla[ion
and increasing vegetation cover with age on the spcc[ral
reflectance characteristics have been exploited [0 map solne
of the older lava Ilows m middle elcvati(ms  on Mauna I oil.
and to dcterlnine the relative ages of Ilw olkr  flows, ‘1’hc
technique has been shown to bc ill excclkn( agrccmcnt  wi[h
stmdard fickl mapping techniques [A braIIIs, e[ :L1., 1991 ],

2,3. i’lwrmal infr[lrtyl rf<y iotl

T h e  1’11<  spectral charac[eris[ics  ot basal[s arc col~-
trolled: by macroscopic propcrlics,  such as the alnount ancl
size of vesiculation;  by diflcrcnces rcla[cd 10 Ihe Si-C)  b(md-
ing which arc in tum related 10 (he silica con[cn[: aild by
chemical alteration of the surt’aces from acidic gases, lkh
of these cftrx[s will bc discussed wi[h rcgarcl [o our abi]i[y
to use these spectral cli(fcrcnccs to map Mau II: I I,(MI flows  ill
the TIR wavckngth  region.

~lle thtxmal infrared radiance cm i[ [cd froln  il surl”hcc is
a function of the tcmpera[ure  aIKJ spectral c[ni[[al)ce,  where
the emittance is the parameter relaklt  10 lhc coinposi[i(m ol’
the material, ];or a perft!ct blackbody, the cmil[ance is
unily, and the radim)ce  is strictly a fullclion O( the tcmpcra-

3



1

ture and wavelength, :LS kscribcd by Planck’s  [ .iiw. Mos[
geologic materials Imvc non-u[li(y  emi[[ancc :1[ s{)mc w:ivc-
lengths i n  the TIR: i[ i s  (his dcvia(ioi)  l’rom u[li[y [IEI[
allows separation and idcntilicalio[l [) f Ini[lcr:il
composition. Cmnpared  [0 [Iw visi blc/near-inliiuwl spcclra,
the thermal infrared reflcclancc  spectra of lhc you[lgcr
ba.salts show promilwnt  speclral  dilfcrenccs. ‘1’hcw spcch”ai
features are related [0 Si-0 bonding, and Iacilila[c the
distinction of different lavn 11OWS.

Crisp et al. [1990] invcsliga(cd  Ihc relationship
between changes in spectral emi[[oncc  Iealurcs  and lniner:i-
Iogy  of }Iawaiian basalts. They Collecled samples  o f
molten p,ahochoc lava from active c!fusions ot’ Puu 00 ill
May 1989. The spectra of IIWSC  lresh samples (:illcr cool-
ing into a gI:MS)  cxhibi[  a broad lcatur~ p~:ktd  b~lwe~ll
10.3 and 10.5 pm, indicative 01a strong degree of’ disorder
(Figure 3). I)isordcrect  glass is made up ot’ silica[c  units
with a wide variety of bond angles, bol]d streng~h. s, aIKl
bonding arrangcmcn[s  [Iml vibrate at clift’crent t’requcllcies
resulting in broad spectral lea[urcs in (1]c infrmwl  [e. g.,
S i m o n  and McMahon, 1953; Brawcr and Whi[e, 1975;
Dowty 1987]. l’he spectra of the lrcsh 1 Iawaiial)  bi~sal[s  art>
a lmos t  idcn(ical [0 the spcc[ra of sampics  from older
(prehistoric, 1972, 1880, 1899, and 1984) Mauna L.txl
bmaltic lavas that were fused in an oven and quenched [e.g.,
Kahle, et al., 1988, }~igure  3b], Ikcy also clowly  In:i[cl)
the spectra ot’ (1MJ glassy interior of older bxsal[s,  ‘1’hc  pcl--
sistence of [his broad spectral t’ca[urc in W glassy  in(triof
of rocks, even in rocks over 4000 years old. shows how
well the in[crior  glass can bc pro[ecwd  [10111 wc:i[heril]:
processes and can retain i(s oliginal composi liol~ :md degree
of disorder.

However, XS the 1 Iawaiian  rocks age and wc:!thcr,  the
spectral character of their ou[er surfaces changes. “1’k llrs[
change evident in the sptctra  of tk IIawaii[m rocks is tha[
the single broad feature  splits inlo two feu[urcs  [ha[ Kuhle
et al. [1988] and Crisp ct al. [ 1990]  call ‘“~” a[ 9.2–-9,5
~m~ and “C” at 10.5 -–10.8 pm (Figure 4). Allerj,us[  a few
days or weeks  of exposure to [he clemeots  (ratn, atnlo-
sphcrc, and acidic volcanic fumes) (he B and C fc:lturcs  arc
evident in some, but noI all, of” the exposed surfaces,
Features B and C are commonly fou[ld oil the rapidly cooled
top surface of Ilows, but also appear in (IK interiors  whcl~
rocks were broken  after cmplacclnelll  aIKI ctxdill:  :IIILI Uwse
interiors were [kn exposed [0 [hc 1 lawaii:m environ  mcil(
for a sufficien[  [imc. In samples (hat lhcy cx:unilwd [h:il
were only a week old, the C. ftnlurc was always slroilgct
than the B feature,

With increasing age (1K overall trend is Ior LIW  B t’ca-
ture to strcn:[hcn  rclativt! [o [hc C I’ca[ure. A silllpiu  ex-
planation  for [he evolu[itm ot (hew [w() c!nission pc:ks  ill
the top surfaces of }Iawaiiall rocks is tha( [lK SUUC[UW  ()(”
the nwtrrs[ablc  glass is becoming Inorc (WLICKLI wi[h tiine.
Immediately at’[er  i[s rapid quenching ill air, ~he glass is
strongly disordered. Will: [ilne this ullsl:iblc  colll”iguratioll
break$ down and the silica tcwalwdm  bccotnc (wgwlizcd in[o
silica [ctrahcdrat  shce[lik (B Icn[urc)  aIId cl]:~il)likc units
(C feature) [e.g.,  Brawcr and White, 1975].  Wid~ mow
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time the sbcc[likc  units become (11c prel’cncd Inmlc.  ‘1’his
could be an isochtmica]  process i n  w h i c h  [I)c  :I:ISS
s t ruc tu re  bccomcs  more ordered b y  chail~ ul)i[s
p r o g r e s s i v e l y  convcr[ing [o sheet ulli[s,  or il could be it
structural change accompanying a ctm~pt~si[io[ud ch:ulge :1(
the surface.

With conlinued  aging, [he hcigh[ o f  the C I’catuw
decreases until i~ is ull(l~l~~(i[bl~. 1[ is likely that Ihc C t’ca-
ture disappears as the glass becomes  more ordemt,  wi~llou 1
any chemical change  in lhc! gkLw. S0011 aflcI” [he B t’etl[llll
overtakes the C feature in hcigh[, a new Iealurc  IIwy cdl
“A” can appear al about 8.1 or 8.2 pin. ‘1’he A I“ca[uw  is
commonly a shoulder on the side of the B lkaturc.  11 is
very common for samples grcalcr  Lhan 50 years old 10 show
an A feature. l’he A lea[urc has not txxn found in the
week-old samples from Puu (lo but dots  appcm in SOUNI
samples of the 1984  Mauna I.oa tlow collected Lhrcc years
after emplaccmeut  but only at Iocalions  lhal receive  Inert’
than 250 cm raiafall  per year and in PUU (M I1 OWS 1-5
years after emplaceme~t, Kahlt! et al, [1988] proposed [hat
the A feature results from the addiLion of a silica- 1-ich
coating. Farr and Adams [1984]  describe  the dcveloplne[}[
of this coa[ing as the accumulation and leiiching 01’
windblown tephra  and dust. A scanning elec[ron
microscope (SE-M) and thin scc[ion invcs[iga[iol) [Crisp C[
al., 1990] of Mauna L.oa 1984 samples coalirlned  lluI[ the
A feature is associated with a silica-rich rind that appears [O
be the results of addition ol ma[erial  [0 dw basa[t surlacc
rather than leaching of the subs[rate basal[. Previously,  [Iw
shortest time documented for [he I’orm:t[ioa  of a silica
coating was 13 years in an area southwest of Kilauca  whew
the rainfall rate is about 150 cm/year [[(am Jnd Ad:uns,
1984]. As the lava ages further, [he spec[r:d con[r:isl
decreases slowly unlil, aller  a few hun(lred yews,  mos[ 01’
tbc units appc.ar spectrally Ilat in (1IC infrared, 1 [owever,  as
noted in section 2.2, at this time the spec[ral  conlras[ in IIw
VIS and SWIR becomes more evident.

The spectral character 01 aa in [hc thcr[n:d  i[ll’r:ucd is
partially coutroilcd by the tex[ure ot’ the m:~(el-i:ll. Radia-
tion emitted by the aa is otlt!a par[ially trapped by ~hc
roughness of the surface, which [cmls [0 act like a large
number of blackbody cavi[ies. 1 Iowuwr, the spcc[ral siga:i-
ture, while reduced, has features very much like [11OSC of
similar age pahoclmc. I:igurc 5 shows I:lb spccwa t~t’ WI :UICI
pahochoe  of the same age, which have been [Iormaliz,td  10
the same scale.

Vegetation spectra arc esscn(ially equal to b]ackb(xly
spectra, so the addition 01” vegctalioll  [0 the surliice serves
to reduce the spcclml conlras[  of (IUJ materials,

Another inftuencc on [hc ‘1’1[<  srxxtral  charuc[cris[ics  01’
basalts is alteration associa(cd  w’i[h  l’umarolic activi~y.
Near active vcn[iag mas and areas undergoing dcgassil]g,
hydrous, silica-rich areas lorm, accompanied by IIW deposi-
tion of sulfa[e salts [Rcalmulo,  et al., 1992]. “1’his is
(bought  to bc causccl  by a c i d - l e a c h i n g  of ca[ioms  b y
aerosols, and resulting earichmcnl  ol silica. ‘[’he spec[rd
charackxis[ics  ol’ this material rcsclnblc  [host! produced  by
the secondary silica coatings  dcscribt!d  by Crisp et al.
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[1990].

3. MAPPIN(i LISING Rl;M()’I’1~1.Y S1:NS1:I) l) A”I’A

N A S A ’ s  “1’hcrmal Illt’rarcd Mul Iispcc[r:Il  SCaniIL)r
(TIMS) and (IW NSOOI  scanner (a ‘1’helna[ic  M a p p e r
simulator) were IIOWII  aboard  a NASA C- 130 aircratl  ovrr
the island of Hawaii during, November, 1985 at atwu[ 1100
local time. I’IMS  acquires digi(al radiance da[a it] inlag,c
format. ‘lllere ,arc six spectral channels of data be[wcen 8
and 12 pm (rl’able 1) [Pall uconi and Mccks, 1985].  l-he
sensitivity is 0.1--O.5K. IMOges  :UX! ilCLIUil’CLl using [1
mirror that scans ,an ,wc of +38° 10-38° about ludir, widl w)
angukar resolution of 2.5 mrad. l’hc NSOO I acquiws cigll(
channels of dam in the visible, reflected infrared, and d~er-
mal infrared parts of the spcclrum (’1’able 1 ). Images :uc
acquired wilh a scan angle 01’ 100° , and :11)  anguku I“t!solu -
tion of 2,5 mad. ‘Ilw C- 130 operaks  a( a][i[udes  up 107,7
km above sca Ievcl; thus, [he scanners acquiw da(a wilb a
nadir ground pixel size ot’ 25 m or less. 1701’  lhest! LJII[:I
flights, the aircraft operated at an ai[i[udc 013.5 km :lbovu
terrain, producing 8 m pixels.

Digital data from TIMS bands 1, 3 and 5 were pro-
cessed using a ckxorrclation slrctch algori[hm [C:illcspie,  ct
al., 1986]. This procedure exaggcra[cs subllc color di[”ikr-
ences in image data by increasing lhc satura~iol) :md in[cll -
si[y while generally preserving the hue i[lformtl[ioI1.  ‘l”hw~,
the resul t ing inmgcs can be rela[ul  back (o [hc spcc[rai
information of the components used to crca[c  [he uol~w
triplet image.  Because [he dccorwlation  stretch depends
upon the frequency distribution 01 radiance values wilhin
the p.articul,ar image being stretched. colors of LIW same
materials gcner,ily  vary slightly from ilnagc 10 i[lulgt.

Figure 6 shows a dccorl”el:ltiCJ1  l-s[relciled inlagc ()!
basalt flows on the north hank ot’ Mauna I-oa, where ‘1’IMS
bands 1, 3, and 5 ,are displayed in blue, green.  a[)d red
respectively. (’1’he  road running diagonally acloss  the
image is the Hilo-Kona jeep [rail. ) Despite the chcmiral
and petrologic similarity of the unwcahmxl  b:lwlls, Figutc
6 shows a wide range of ditl’ercnt [hcrmal 11? “colors”, be(l)
within and ,among the numerous individu:ll lava I1OWS,

Field checking of [hcse aod o[ber 1 [:lwaiinn ‘1’IMS
images and comp[wison wi[h  geologic miips [1 l{)lcolnb,
1 9 8 7 ;  I.ockwood, et al., 1988: l.ockwood,  unpublisl~ed
d a t a ]  rcvcrd systclna[ic rcla[iotlships  bc[wccn  LIW ‘1’IMS

weathering and, hence, age. I’ahochoc al)d ail I“1OWS :Ilc col)-
sisttmtly separable in (11C  images whcrt  there is Ii[llc or no
vegemtion.  Single hasal[ flows of cidwr [ypc Inay show
some image color dillcrenct!s even inmwdiatcly at’[cr erup-
tion (Rcalmuto,  e[ al., 1992]; however, [he grca[csl  color”
differences appear IO bc rt!la[txt to age.

Figure 7 is a l“ield-derived geologic lnap of Ihc same
area as Figure 6 ~or comparison. ‘1’he Cr)nlacls of Solnc
flows tare more accurn[ely portrayed in the images. In :1 fcw
cases, geologic rclntions tbal were diflicul[ 10 lnap  in [hc
field can easily be seen in the images. Onc example 01” this
is the boundary bc[wccn  [he 1843 (red) a[)d 193S (blue)
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pahoehm flows, which is difficult [O dis(inguisl) i[) (1)c
fickl,  bu[ is very  dis[inc[  ill the ‘1’IMS ijn;lge.

Freshly broken  and  uIIwea(heId b:lsal(ic cil~dcrs al)d
crushed basalt exposed  ill qu~wries  consis[cn[ly  appear cyaII
or light blue-grwn in (he I’alsc-color  pictures, In coa[rxs[,
young &l flows appmr dark blue-grccll, ar)d [his col[w shil[s
to dark brown or orange wi[h  im’easing age. ‘I”hc OILIL!S[
flows are  heavily vcgcta(ul  and appe:rr ckuk grccll. Ill LIlc
false-color piclurcs these llows arc not always c:Lsy 10 Liis-
tinguish from young, Irrrgcly uuvegetaled aa, 1 Iowcvcr,
they may be separated by [etnpera[urc.  Ill Figure 6, ligh~ly
vegetated M flows mnged in surhx  kmpr.mure  from  35° m
43°C;  heavily vegetated 11OWS were -29°C.

UIIVC&~l[Cd  pLhOehOC  W~S WWIIICr  [h:lll :H1. S UI!:ILT
temperatures for pahoehoe ill Figure 6 ranged frxnn 43° 10
54”C.

lhcrc is a pronoumxd  and sys[cma[ic color ch:ulge
with increasing mgc ot’ pahoehoe, ‘1’he  ‘1’IMS  color shifts
from dominantly blue [o purple  anLI magcn[a  (compm, kw
insklncc, the 1935 ml 1880 flows ill Figure 6). This r:mgc
of colors mimics the range for the differt!ll[  inili;ll s[:iles.
Increasingly older tlows show colors Ilo[ observed k)r
young flows: red (1843) anLI orange (0,2 ---1.5 ka), Inixcd
orrmgc  and green (1 .5–--4 ka), and ul[ilnately light grce[)
(4L4 ka). l’he oldest ]avas (>8 ka) arc foies[ed and appear
dark grecu. Heavily vcgc[a[cd  aa and pahoehoc arc probably
indistinguishable from each othc!r.

Because of (1w known color zssignmen[s  ot’ ti~e ‘1’lMS
wavelength bands, and by c(mp, arisorl with spccm of sarn-
plcs collcc[cd in the field, we can rclale [hc colors  ill the
images to the spectral I’ca[urcs observed in I:igurc  4. Spec-
tral feature C is associa[ut  wi(h LIM blue color in d~c imayc
and A with red. As spcc[ral fea(ul”e A appears and irwrwscs
and while feature C dirninishcs, [he col[w.s  move pr~)gres-
sively from blue to magma m red. Finally, w (he spcctml
contraN  dimil)ishes,  lht! units on the images hccornc! grccr!
— which here corresponds to spectd Iy lla[.

For aa, young rough llows arc associated will] d:uk
blue-green l’IMS colors and very weak sptxlral  Iea[urcs,
including subdued B and even some C. 13cL’ausc  ;UI and
p,ahochoc of the sarnc !1OW have esscn[ially  idcrltical ct)m-
positions, we a{tribu(c the subdued spccmrrn  ol” [he ail [()
multiple scattering in the rough surface  (cnvi[y  or bl:lck -
body radiation)). “1’he dark colors  in [hc irn:l:cs arc due I()
low temperatures in (1IC shadowed por[i~)lls 01’ tlw rouyl)
surface, not yet warmed  by [he surl a[ the tirnc (-1 100 L,’l’)
of clatii acquisition.

I’hc shift (o brown image color wi~h” incrc:lsirlg  ayc ()[’
aa is dircclly  caused  by the silic’a- rich rinds. ‘1’hc  irlc’rc:lscd
CO]Or saturation 0( lh~se [lows is al~ribulcd 10 l’il!irlg  01”
small cavities with the lhelmally  opaque siiicil, (hereby
reducing the amount  of bl:lckhody radia[ion. ‘1’here is rlo
very old unvegctakxl  aa in the sludy :wca. ‘1’tw ct)lt)r 01” (1IU
oldest arr IIows  in };igurc 6 is con[rollcd  by [hc adrtlixturr
of Vcgckltion, which Consist  cllliy appears &u’k  green irl lhc
false-color images,

Abrarns et al. [1991] analyzed [he NSOO 1 visible arid
S W I R  data for roughly lhc same :uL’a as Figurw 6,
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s e p a r a t e l y  and  also comhillcd will) (1K ‘I’ll< da[~l. “1’hc
NSOO1 data were proccs.scd by using K: Irl~uIMn-I .CWVC OF
principal compo[wnts  Kallslorlll:l[i[)lls. ‘1’his is a LIilncllsioll
reduction proccdurc  lhal lorIns linear colnbinlllitms  ~Jt tlw
o r i g i n a l  data boscd on the vllritl[lcc-cov:lri:illcc  lna~rix
[Gillespie, 1980]. The rcsultin:  image (1’igurc 8) dcpicls
the flows in various colors; the overlain ill[erprc[[l[it)[] maIJ
delineates flow bounciarics  recogniz.ul from LIW image. OiI
the image, the young pahochoc 11OWS ( 1935, 1843, X)O-
500 years old and 500-1500 years old) are all displayed as
indistinguishable blue colored units, in ~wntras( wilh (11c
TIMS image  (Figure 9) which allowed easy separation of
these units. They are ktbdcd  p (P:lhOdlO~)  and Op (older
pahoehoe) to indicate that lhcy were noI Llilfcrenlitiblc.
These flows arc slill very dark :UILI  l“rcsh-lookin:  in (hc
f ield,  a n d  Lhcy have no( as yc[ dcvclopd siglliliual)[
oxidation of’ malic minerals. Spcxdrally, [hey are all dark
and show no distinguishing lcnturcs. Older  pahochoe Ilows
become greener on the image ,  and  lbe oldesl,  will]
vegetation cover, are magenta. I’be aa tk)ws  progress lroln
reddish-brown (1935) 10 brown (1899)  10 Iighl brown
(1843) to blue-brown (200-500 years old) [o ligh[ blue-
green (500-1500 years old) [0 green-yellow (1500-4000”
ye,arsold) mdarkgrecn  (>4000 ycarsold).  ‘1’lmrclaliom
betwccnthc  imngccolor sand [he incrcascin  iron oxid:l[io[]
and change in rdk~k?tl~~ spectra ,arc consislen[,

When both dakl se[s arc combi!wl by pri[wip:d  mnpo
ncntsanrdysis,  it was shown that cmittallce ald rcllccl; uwt’
spectral properties 01 the rocks were corccla~cd 10 swnu
degree,  z$ wouklbcexpcclcd.  In Figure 10, Abramse[;ll.
[1991] were able to separate by color all [)1 he previously
mapped units (F’igurt!  11) ami w show sys[clna[ic CO1OI
ch,anges,  rekrmble torelativc  ages.

These results show [l~culilily~)lreln~)[e  scnsiii:  ii] UK
relative da[ing 01’ similar b:lsal[s  in an arid enviroillnell[,
using combined data from the rcl’lectance m]d elni[[w]~>c
parts of thespcctrum.  l’llCCXiSICllCC  of WCillllCUillgS  YS(Clll-
atics implies that  it may prove possible m es[ima[e  flow
age frornrelnt)[ely  sensed til~fl,prc)viclcd  [ha[ progrt!ssiollof”
colors has already been calibralul  Ior a given region
Impor[ant  influences on [hc thermal spectra appcm [() b(>
surface [cxture, physical tllldcllelllic:ll dcgl”:ld;l[itJ[ l~)l’gl:issy
crusts (spalling, dcvitrifiur[ion,  al[cralit)n),  accretion of
s i l i c a - r i c h  coots, anLI vegc[a[ion grow[h, Impollall[
influenceson  U)cretlec[:li]cc  spccwi appm’ lobe LIcvL’lop-
mcnt of iron oxide minerals lroln wca[heril]g. vcgclalii)ll
growth, andsurfacetex[urc.  At lc;lstl[)r [llcll~)rtil fl:~llk[)l”
Mauna Lea, d]cscctfcc[s  c)ccl]l' itlcl~:lr:lc[cris[  icsc~lllc[lccs
andat  different rak!s, s[~ti:lt col(>rp ic[l]rcsclc:l[cd  l’roln  vis-
ible to thcrrnal  in frartd data kpict I1OWS aI difl”crc[lt sIagL!s
of~tleir dcvcloplI]c[]t  indillercnt  colors. ‘1’llcct)ll~billc~lusc
ofdatain the two wavelength rcgit)[lsprt)vi~lcslllt)rc  infor-
mation than [k use of tither separa[cly.  ‘1’ksc  rckition-
ships should prove useful in LI!conn:lissallcc  !JCo]ogic  In: Ip-
ping in volcanic fields ill other slid [x stllliilrid arm.

4. REMOTE Si;NSING O1; VO1.CAN1(’  S02 PI.(JM13
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l’hc absorption spectrum O( the sulfur dioxide (S()~)
molecule exhibits ultraviolet (lIV), il~fr:lretl (11<), and
microwave bands [bat ,we runcnab[c  [0 rcln{~[c scllsi[ly [cuh -
niques. A l l  IIMCC of (IICSC absorp(io[l I’t’:l(uws  l~:ivc bcuII
used to measure S02 wilh p:wsivc  grould-bmctl,  :lirb~wllt’,
and spaceborne ins[mmcn[s.

Dispersive correlation spcc[roscopy bcciune (1]C [“irsl
remote sensing ttxhniqut! 10 trc widely applied 10 dw sludy
of volcanic plumes [cI’ Stoiber  c~ al., 1983] using (11C
portabIe  correlation spcctromcter, or COSl>lI”  [Moffa(  aIItl
Mil14n, 1971]. C0SP13C ins[rulncnts convcr[  Inc:Isurc  -
ments of the LJV radiation transmillcd [hrough  a volca[lic
plume into estimates of ils S02 burden [I I;unil[on C( al.,
1978; Hoff and Millfin,  1981]. llw collcc[i(m 01’ COSI>I:C
measurements at volcanoes throughout [he world has
allowed volcanologis[s  [0 es[ima[t lhe an[lual  volc:ulic  cont-
ribution to the g l o b a l  a[nlosphcric  Soz butlgc[ [cl
Berresheim rmtl Jaeschke, 1983: Stoibcr cl al., 1087] and
recognize (ha[ a rapid chai)ge in the S02 flux Iron) a voi-
cano can signal an erup[ion  [i.e.,  Cksadcvall c1 al., 1981:
Chartier et al,, 1988; Malinconinco,  1979, 19S7: Cal[abi-
ano et al., 1994].

A correlation spccuwmclcr call measure ~mly a sIn:LIl
portion of a plume:  opcramrs must either move lhe inswu -
rnent in traverses beneath plumes or occupy locations near
vents and pan the instrument across plumes. Wiml speed
must bc measured or known from other sourtxs. ‘I”he cs[i -
mation of S02 llUX rates or spatial and tcmp{xd  varia[i(~ns
in S02 contents of volcanic plums can [hcrcforc  illvolvc
considerable labor, logistical planning. and in st)n]c LWJS,
personal risk.

Sa(ellile-based relll~>tc sensing [cchniyucs,  employilly
the instrunrwnts  SUCII as [k Toml Ozone  Mapping Spec-
trometer (’I’OMS) or the Microwave I.imb S(mlldcr  (Ml .S),
are largely fnx  d’ the lilnita(ions imposetl by field lo:is(ic\
and hazards. A major advance in the rcmo[e scllsillg 01’
volc,anogenic  S02 occuncd  in 1983, when Krut!. ger tlenwu  -
stratetl  that Lhe S02  c l o u d s  f r o m  the erup[ioo ol’ Ill
Chichon could be imaged, or mopped at a 50 Iun spa[ial
resolution at nadir by “1’OMS [Krueger, 1983]. ‘1’OMS tla~l
have since been used m map [he S02 clouds  producul  by
the fecent eruption 01 Mauna l.oa [Ci\s;ttl~>\illl  C( al.. 198-I],
Nevado tkl  Ruiz [Krueger et al., ly)f)],  ~~~,.() I [ U(]so,,
[Doiron  et a l . ,  1991 ] ,  MOUII[ l>inatub~) [Biu[h e[ al..
1 9 9 2 a ] ,  and M o u n t  Spurr [Blulh et al., 1992 b]. In
addition, the 1’OMS da[a archive (which tl:~k:s bil~k 10 1979)
has been used to estima[c Ihe con[ribu{i[)[l  of cxplmsivc
eruptions m the global S02  budget  [BluIh  et al., 1903].

Read et al. [ 1993] showtxl (haI MI.S tlaI:I, acquird
from the LJppcr Atmosphm!  Research Sakllik!  (LJARS),
could be used to recover allitude proli]cs  of lhc S02 cloudi
produced by the [’inambo eruption. ‘1’lw MI.S pr(mxlure  is
sensitive to S02 com!ntm[ions  m low as 3 ppb(v).

Realmulo et a l .  [1994] rcccnlly dctnt)l~slr:lttxl  Lb:t[
thermal H< image data coukl be usctl (o map tk S02 coll-
tcnt of volcanic plumes. ‘1’his (t!chniquc  w:ls tlcvelopcd
using TIMS data acquired  aI MouII(  Etna, Sicily on 26 July
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1986, when the cstima[cd columl] abumkuwc of’ S02 within
the plume ranged f’mm 1 m 17 g In-z and [he (Jvcrull IILIX
w a s  estimakxf  at 78 kg/s. ‘1’he ‘I’l  MS-b:Iscd  cs[iln:l[ion
technique is based on tile de[cc[ion of a broad f’e:i[urc
bCtWCeIl  8 and 9.5 ~n in [hc :Ibsorpliwl spcL’lruJl\  0( SOZ.
The maximum absorption is loca(cd at 8.S pm, ;UILI f’:Ills
between the first and second channels of TIMS. ‘1’he esti-
mation procedure is b;Lsed on radialivc Ir:ulsf”cr  ltlodc[ing,
which is used  m fit [he mfianw observed by “1’JMS  as il
views the ground through an ill!crvcning S02 plume.
Based on the data collcctcd  at Mount E[t~il ill 19X6, [lw
TIMS-based procedure Ims an estimation error ot approxi-
mately 15910,

4.1. Applic(![imv  [o Mums L.(MI eruption plut)w.~

The 1984 eruption Of M{iut~i~  I.(x] bCgM 0[~ 25 Mmlh
and ended o n  1 4  A p r i l  [1.ockwood C[ :11., 1985;
Smithsonian Institution, 1989; C:lsadcvall cl :11.,  19841.
On the first day 01” the Crup[ion, [hc plume re;lchcd  :UI
ahitudc of approximately 11 kin. The plume did [~o[ reach
the stratosphere, since the m)popausc  was ill all al[iludc ol’
18 km. Between  2 7  M a r c h  and 14 Apri l  1984 ~hc
m a x i m u m  alliturk  of Ihc plume w:~s less thiln 4.6 krl~.
~>unng  this peliod the plulnc Lravcl]ed wcslww’d UL a rate <)1”
800 Icrn/d, reducing visibility nt airpor[s  up [() SOW Kln
away from Mauna ha.

The flux raks  of’ S02 ~nd C02 werd dclerlniml  willl a
series of airborne COSPIiC and iafrarcd  analyzer’ surveys of
the plume [Casadevrrll  et al., 1984]. Bc[wccn 2 April al]d
14 April the llUX of S02  rangul  be[wccn 2200 mid 6600 x
10~ kg per day, while the flux of C02 ranged betwecll 240
and 1400 x 103 kg per day. F;s[ima[cs of’ [he S02 comu InJI
abundance wi(h TOMS indicalcd :] maximum 01 :ipproxi -
mately 2 g Jn-2 cm 27 March. 1’OMS cfa[a were :IISO u~rd
to estima[e that the Maumr Ion plume con[aillccl 130,000 x
1 03 kg of SC)2 on 26 Marcf~ and 190,000 x 103 fig o!) 27
March.

S02 abundances  ill [be 26 July 1986 MOUD[  l~[lu~
plume were estimated to bc as much as eight times higher
[Reahnuto et al., 1994] lhatl [hose rcpor(cd  for lht! 1984
Mauna I.oa plume, ye[ tht E[na plume W:N not dcIcc~cd by
TOMS. This lack of detection  is prob:d>iy  duc to iI:UI ow
width (l-5 km) and low alti[udc (<5 kJJI MS I.) (Jt LIW I-’.h):l
plume rela[ive to the MaUIE\ l.oa  PIUJIIC. TIIc CLNUW sp:ltid
resolution of ‘f’OMS  (50 km :1( nadir) is :1 Iilni[ing fa~’I(N
one the size of’ plume thal c:m bc detcc[cd.

Multispcctral rcmo[e scnsillg c:ul be used for k!mpcr:l-
ture  de[crmina(ions  in volcanic regions [l:rilllCis :md Ro(h-
ery, 1987; Rothcry, et al., l~88;  RdllllJ((), C( d., 1992;
Mouginis-Mark, et al., 1994a;  f;lyna, C( al.. 1904]. Whiic
the techniques dcscribcd fmrc hiiv~ not yt[ bccl) used oil
Mauna I-oa.  their use in the future  seems likely. Bcc:iusc
of the w i d e  range (JI’ tempcraturm  encountcre(f, i[ i s
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desirable to acquire mu[lispccml  data trom dw visible atNI
t h e  shorlwavc infrared as well as [he dwrmal illl’rarcd.
While one commonly d~inks of using  d~c [Iwrm:d  illi’mrcd
to measure tempcralure,  in volcanic rcgiol]s [he ratlialiwl
from very hot sources will sa[ura[e  the m:ijori[y  (J Ilwrinnl
IR sensors. Pkmck’s  Law ildic:l[cs  (ha( [he ill[cnsi[y (II”
emitted radiation  increases as a I“u[wtion 01 [clnpcralurt, bul
also that the wavclcnglh of [hc maxilnum c[llissiol)  shil’ls
to progressively shorter wavelengths as lhc (cmperalurt
increases. Figure 12, atlcr l’:rancis and Ro[hury [ 1987]
shows a plot ot’ radiance as a func[io[l  of wavelcngdl I“(m a
variety of tliffercnt tcmpcralurcs. ‘1’lw plo~ also inciudcs  lk
location and saturation lCVC1 of [hc 1,andsa[ ‘1’helna(ic  Map-
per channels. When measuring very hot volcal)ic [argc[s,
one nee~s 10 select that wavclengdl rcgioa whcrt  dw emi[-
ted radiation dominates over rcllectcd radia(ion,  but at lhe
same time does not saturate the sensor. Ro[lwry et al.
[1988] and Oppenheimer e[ al. [1993]  have ah showi)  how
using multiple wrrvelenglhs  allows t’or (he dcriv; i[ioll 01”
more than one kmperature wi[hin  a pixel —- ol”(en the c:~w
where [here is a small very I1OI area wi[l~i(l  a pixel whik’
the majority of the pixel is near ambient  lcmpcralurc.

Ground-bmxt spcc~c)r:[diol]~c~ic  measurc[ne[)(s,  a s(udy
u s i n g  t h e  Advanced Very i Iigb Rcsolulion  Ratli{)lnelcr
(AWIRR)  and Lantkt I’kmatic  Mapper (’I’M) dam. aml
w o r k  done u s i n g  t h e  NSOO1 and “1’IMS  aircra![
multispcctral  thermal da[a, have illus[ralcd solne 01’ [Ilc
applications of mul[ispcc(ral mc,msuremcnts [0 [empcralurc
observations of volcanic fca[ures on Kilauca, 1 Iawaii,
though not over Mauna I.oa.

LJsing a spcctroratliomcttr  in [hc 0.4-2.5 m rt!giwl,
Flynn and Mouginis-Mark  [ 1992] and l:lynII c{ al. [ 1993 I
made nighttime obser’va[ions  o(’ ac[ivc lIOWS, and observ:~
tions  of (he ac[ive Kupaianaha  lava Iakc; botil aw:~s Wci-c  (n}
the EN Rift ~OIW 01” Kilauca. ‘l-hey  I’(NJIKI  tlla( tk crus[  01”
a newly emplaced lava [low cooled by abou[  350° in less
than an hour. Their observa[io[)s  both arc in agrccmen[
with, and help constrain [hcore[ical  motlcis  of’ flow
emplacement. (_kr  the Kupaianaha lava lake, tht y t’ouml
that the temporal vnriabili[y of the thermal ou[pu[  occumxl
on time scales of seconds to minutes, implying M sa[cl-
lite-based observations would, at best, provide only a snap-
shot of a rapidly changing phenomenon.

In a study examinill:  [he el’feels of viewing geolnc[ry
on dctectim  of thermal t’calures in AV1 [RR wt!albcr  s: L[cl  -
lite comp.arcd  with Imdsat ‘1’hema(ic Mapper, Mougillis-
M,ark et al. [1994a] found Iha[ wi[h ll:t~lil-l~)t)kit~g,  I kln
spatial resolution data. ovcrlunling  lav:i Iakcs,  surface
flows, and lava [ubcs  wi[h skyligh[.s could bc dc[cctcd Ihcr-
maily. lIowcvcr, ill off-lmdir  looking dala, where [he pixel
size is as I,argc as 14 kin, some 01” d~c smaller 0( tlicsc phc -
nmnena  could not be scpara[d from so]ar  kakxl, olkr lavd
flows.  lJsing ‘I’M alma, wi[h 30 m spatial rcsolu[ion,  all ()[
the phenomena could be tlctectcd thermally.

Realmu[o et al. [ 1992]  u s e d  “1’IMS dlermal d:~l:i
acquired frwn the NASA C- 130 m map dw Iempcraturt!  tlis-
tribution  rcla[ed  t o  undcrgroullcl transpor(  and sIoragC 01”
l ava  in  the Kupaianaha  Ilow l’icicl, Kilauua.  A~iivc l:iva
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tubes were clearly mapped. ‘1’he  :1 UL11OI’S’  lmpumlre ln;q)s
also defined [k boundaries of hychx)llwrmal plumes which
resulted from cn(ry  01 lava inlo  [he ocean, ‘[’he lnul[ispU’-
tral  data ako illlOWCLt delerlnina[ion  Ot’ clllissivi[y \wri;l[iolls
attributed 10 acid-i[duccd Itx’bin: [l~i~  l’Ulllillo]CS (ck’rikd
earlier).

6. RADAR R1;MO’1”1:  SENSING 01’ MA[JNA L.OA

6.1. Data coverage

In a cmnparabk  manl)cr  (o visibk [ml  inl’mml  i]])iigi[l:

of the F-Earth’s surface, radar systems provide d]c Cilp:lbili[y
to observe [he ground a[ several dilfercll~ \va\wicI)g[l~s,
polar-htions,  and viewing gmncwit!s, An  atiribu[e of illl
radar systems is that they can ilIlilgC Lhc Surlacc  imcspcc[ivc
of cloud cover  of lime 01 day} thus complete coverage 0[
the target can be ob[aincd. ‘1’lw  IIIOSt  imporra[l(  pmlnck’1’
in any radar investigation is the WilVCICll~lll,  which is (ypi -
cal Iy eitkr 3 cm (X-band), 5.6 cm (C- b:uld). 24 ctn (1.-
bancl)  ~~d 68 ~n] (l>-bii[]d). (Mwr pariiln~[~~s hii[ C:UI b~
varied  are the polarization (llorizolll:dly  -W:lllslllil”  and rcccivc
is denoted as “111 1“; lloliZO1l[:llly -(1’illlS1l)il”  :Illd VClliCillly
receive as “1 IV”; imd vertically [rallslnil :md receive as
“VV”), and the angle  (called  the “incidence angle”) a[ whiull
the radar energy hits  the SUl”l’ilCC (typically iii lhc rilllg~ 20-
60° from tbc nadir). Because di~s provide (heir owl] illu-
mination source, i[ is also possible 10 uonlml  [l)c “look
direction” ol’ (he ins[rumcnl,  so (hat structural features  in it
preferred orientation can bc t!nhanml. “1’IIC specific Cl)il~[lU-
terktics  of the different radm’  sys[cms that llitv~ been used (o
study Mauna Loa are sumln,arizcd  in ‘1’ilblc  2.

Al(hou~h spa~~ S]lU1(]C  ~il(li~ (S I1<-B) da[il WCll col-
lected over Kihwca VOICanO  in ~)~{ob~r  1984 [Cii~ddis, ~[ ill.,
1989, 1990], no rildi~r da[a w~r~ coll~~[~d [J\JC[ MauIiiI L,():~
until August 1990, when Ihe NASA/J  l>L. airurall  r:ldilr
(AIRSAR) imaged extensive areas of the Big Isl:ll)d (I:igurc
13). More rece[ltly,  a sin:lc image  ot’ [he castcrl)  half” 01’
t h e  VOICiUK)  Wils obmincd  ill JUW 19°3 hy [k sp:ic~b~)rl)c
Japanese JIH<S-1 radar. ‘1’h~  ilircrdl’( I’ildill  ~c lu l ’ [ led  [()
H a w a i i  i n  .scptemher  1993, [ h i s  [imc [u pcrlorln
topographic mapping 01 the souhwcs[cln  Ililllk ot’ LIw
volcano using [hc ‘1’UPSAR radar sys[~ln  ~7.cbkchr, U( iii.,
1 9 9 2 ] .  l’OI]SAR  ciil] pro(JUCC  digi[ill ~levil[io[)  ]nodCIS
(DllMs) of liII](Jscapcs ilt ii Spa[i:d resolution  ot’ 1 (.) ndpixrl
with a ver[ical  ac’curacy  01 - 2 - 5  m  dcpcndill:  011 Ihc
roughness of the [crmin. ‘1’l)csc  ‘l’O1)SAR dil(ii It)r M:tuI~tL
Loa have no( yc( been pmcesscxl,  bu[ it is cxpcc(cd  ti~iii (k

d a t a  wil l  b~ 01 V:IIUC for [he m~iisl]r~ln~tlt  Of Iiivii  I“IOW
thicknesses .  ‘l’OI)SAI{  data WCK c()]lccIcd  ilL’I’OSS tht ](~fo
lava flows in lhc hope lhat thickness varialit)lls  il>SOCi~l[CLl
w i t h  tk local  sk)pc  cou]d  bc ln~ilsur~d;  good  obscrvwio[is
of the volumetric flow late of lhcse llOWS [I:inch and
Mac&mald, 1950; MacdoIMld a n d  I-’i!lch, 19S01 should
enable numerical models (or the Iongi(ldinill vitrii~(i~)l~  in
lava flow rheology [e. g., Fink and Y.imbelmat), 1989] [o bc
tested.

‘I’he two flights of the Space  Shu(Llc SIR-C/X-SAR
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[Evans et al,, 1993] radar :11s0 prmluced  almost Colnpk’w
coverage of Mauna l.oa and Kil:iuca volcanoes  (I;igurc  13).
T h e  first SIR-C/X-SAR  [“ligb[ (ill A p r i l  1004)”  was
primarily dcvokxt  10 using Kilauca :LS a c;~lib[a(ioll  Lu”gcl
f o r  subscqucn(  comparison  wi[h LIa(a Ob[ililled l“or o[hcr
basrdtic  shield VOIGUWCS around LIW world /Mou,ginis-Mark,
1994 b]. Ncvcr[helcss, most of tk castcru side ol MauniI
Ima was rrlso  imaged (f)ata ‘1’alw 52.1 a[ 52,30). [XI(:I WCIV
Collected at three wavelengths  (X-, C-, anLI L-band), varioui
polarizations (1111, 1 IV, and VV), mul[iplc illuidcnc’c angles
(18-59°)  on both  ascending w)LI, in OIIC i[ls[wwt!,  ii
descending orbit. In most cases.  only the easltrn  lowL!r
flank of Mauna L,oa was imaged  Lfurillg  [hese s[udics  of
Kilauea,  cxcep[ on the descending  orbit when dam Ior ail 01’
the northern half of Mauna ha wcw ob[aind (I:igurc 13).
During the SCCOIKI  SIR-C/X-SAR  missi(m (in C)cIubcr
1994), almost all of the wcs[crn  half ot’ M:IUO:L  l.oa wa~
covered in a single data take (DaIa Talw! 36,10) at 32,1°
incidence angle. complemcnti[]g  the April 1 ‘YM covcmge  oi’
the eastern side ol’ the volcaim. A&li[ion:ll  &II;I  I“or M:iun:i
I-oa were also oh[ained  during  [he 1:1s[  Iour dt~ys of (I)c
mission when Cxact-l”epcal orbits were sc[t’ctL!LI  for rad[ll’
interferomctry experiments. Data were ob[ained  a[ high
resolution (12.5 m/pixel) over lhc 1989,  1942,  :Illd 1[)84
lava flows between [hc 1300-2000 m clc\:Uion Ievcls.
l’hcse data, which were [)blili[)ed  at C- ancl 1,-bal~d  VV-
polarization) will be processed to ploductd a high
resolution DIIM as part ol a broader invcsligatit)li  10 study
day-to-day variations in the diswibutioo aml thickness ol’ dw
lava flow lick] of Kilauca.

6.2. filxmnpltIs  of rmiar Obsenw[iom

TO date, Lhc radar da(a tol” Mauna I AM hiivu bcca kuguly
ignored in favor ot lhc cOlllp:lrtLblt!  in forlna[io[]  t’or Kil:luca
volcano, due to [he easier licld logistics for data valida[io[l
and the strong interest in the Ongoing erup[ion  at llw PUU
Oo vent for topographic change sludics.  I;t)r Ki[;luca,  [he
primary use of the aircmft dala h:is been [IN quanli[iltivc
analysis of the molar backsc~i([c!r  propcr[ics 0[” [he i(~dividud
lava flows [Campbell and (lmpbcll,  1992], and Lhcir sub-
sequent comparison to lava Ilows on Venus. AlmosI Im
invcs[igatioos of the “1’OPSAR or SII<-(’/X-SAR  daul I(M”
~Iawaii have yet bcea published, but CO1l)pWLb]C  dnalysts
of other volcanoes [e. g., Mouginis-Mark  il[)d  G: Lrbcil,
1993; Mouginis-Mark, 1994b] suggcsl some of [hc studies
that can bc accomplished wi[h  [he av[lil:lblc d; IILI.  III
gene ra l ,  these studies I“ocus on Ii[holo:ic IIlappillg.
analySM Of dle SIIUCIUIC O f  [he W)hlllo, (k SWC!I !’(M

buried lava tlows benea[h  ash deposits, anLI topographic
m a p p i n g .  All but [he l:Ls~ of Ihcsc appiic~llions can h!
r.lemonstra[ed  w i t h  Mauna I.(M  dii(i[ COIICCICLI it] AugusI
1990 by the AIRSAR sys(cm,  anLI will now bc bricting
reviewed.

llc usc of multi-wavelength radar  da[a  10 study clifkr-
mces in the surface roughness of lava 11OWS has been wcil
known for more [ban a decade.  [Jsing AIRSAR d;it:l,
Campbell and Campbell (1992] showul thal an and pahoc-
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hoe lava 11OWS  have differen[  radm  backsca((cr  chllr:lc~crs[ics
a t  I . -band (24  cm). In W C;ISC of W sumlni[  of M: ILIII:I
Loa @-igurc 14), [I)c mul(iwavclen~dl  ridiw  c[l:tblcs  Llil”t”crc[l[
flOW uni t s  [o bc idcn(it”iecl, as WCII :LS suh(lc  Llc[;lils  of il](>
s t r u c t u r e  of Mokuawet)w  L!o caldcra. l~cw of IIIL!SC
phenomena have not  been rccogniz,ed l“rom dc(:~ilcd field
mapping [MacLIoIMld, 1971: 1,ockwooct cl al,,  1987]. ‘1’IIc
radar tla[a show m:u)y 11OW con[ac(s  witllil~ Lhc Mokuawco-
weo overllow unils  more  clearly [ban does collvell[ioll;d liir
photography, but the signiiicmwc of some 1)1’ lhcw CUI)KICIS
has not yel been established. ‘1’hc Llilkm-mce  in 11x rxhr  aiILI
optical properties ot’ the lava 11OWS arou[)d  Moku:Iwc[)wco
caldcra can be seen from a comparkon of’ (1IC AIRSAR  dam
and the S1>O’l’  salelli[e  panchrolna[ic  ( 1(J m/pixel) daui
presented in I;igure 15.

lJctaiIs of’ t h e  s t r u c t u r e  of’ a voicano can ot’[en bc
enhanced using molar ckwa; LIw carct”u] .selcction of radar inci-
dence angle and viewing dircc[ion  can rcvc:d sub[kl  top{J-
graphic features that may bc dil”ficul[ to identify LJUC [() (I)c
vegetation cover. Such an example is shown in Figure 16,
which is part of the Ninole 1 [ills on [lw  SOU[hGLSIL!I’11  tlt~nli
of Mauna Lea. l’his area, which is part of [hc Kt~u Fores[
Reserve, has proven to bc Ltilticul[ to map on [be ground
due to the dense vege[a[iol~ [e.g., I.ipman al)d SwensoII,
1 9 8 4 ;  I.ockwood, et al., 1988] and yc[ ot’t’crs :UI i[lsigll[
into the earlier eruptive activity of [he volcul)o. [[1
particular, the P-band (68 cm) wavelcl)g[h  crt)ss-pokwizcd
(} IV) radar data provide some capabilities to ilnage sur[’xcu
f l o w s  i r r e s p e c t i v e  of lbe vege[alion cover, a[)d (o il)i”t’1
subtle topographic fea[urcs  (arrowcd  in Figure  16) by \rirl uc
of ton,al variations in [he vegetation canopy, l’his bre;lk ii]
s lope  is  a l s o  cvidcn[ on [he J1{I{S-2 al~d SIR-C r:dar
images of the eastern flank of Mauna I,oa, and  so this
appears to be a real feature. parts of’ tk Kahuku  tkW C;III
be delineated in the radw image,  :lllhough [he Pohina fio\v
is indistinguishable from the h i g h  b:lckgr~)ul)d  r:d:lr
backscattcr  from the forcs[s.

The abili[y of radnr to pcnc[rate dry, u[lc[)l)soli~l:l[c[l
materials w,m first dcmonstratccl  through analysis of Spaw
S h u t t l e  ( S I R - A )  r a d a r  d a t a  for (he l{as[ern Sahar;l
[McCauley, et al., 1982], where buried drail}a~c  ChiUll WIS
were  i den t i f i ed  bcnea[h  [be desert  sand, III [he C:ISC ot”
Mauna L,oa, the Sou[h  Poin[  area at (he dis[id  CI]U of t h e
Southwest Rift Zone provides a similar opportulti(y Ior
radar pcnc[ra[iml sludies,  since there is 2-8 m 01 [he I’dh:il;(
ash in this area [Stcrlls and Macdonakl, 1946, p. 73]. Parti-
cularly in the case of [hc longest  radw wavclcllg[h  (l>- b~md,
6 8  CM), the poss ib i l i ty  of Llclineatin: [he edges of I:iv:I
flows  beneath the ash is high.  Ifigurc  17 shows OIW 01” ltlc
AIRSAR images of this area. A compariso[l  bc[wccn IIWSV
radar dab~, air photographs and lick] observx[ic)ns  shows IIXI[
in addition to distinguishing individual Iobcs  0[] (Iw I)UU
Poo Pueo Flow mapped by J. Lockwood [pcrs.  c{) Jmn.,
1995] the rdar cm) Lklect bfiiided f!ow boundiu”ic?s th:il w.’
reminiscent O( lava channels can also seen beneath d)r
veneer of soil and wind-blown ash (e. g., p[s. “D” and “1;”
in ~i~Ure  17). ()~l~r lnOr[)hOIO~iL?:d  f&l[U1’~s  W’C  dSO CilSi]y
seen in the radar dam, including wind strmks and dunes.
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7. FIJ1’(J[{].;  [{l; M(j’I’l;  S1;NSIN[;  O1; MA(JNA  10A

Additional orbital radws will be used (o study I Iawiti i.
‘l’he Europcan  Spircc Agency (liSA) h:is bccll opcra[ing llw
ERS-I  radar since 1991, and [his has beet) USCLI  (() study
many of the volcanoes ill Alaska al)d (he Aleuti:i[}s
[Rowland ,  et al., 1994].  1 lowcvcr, [he 1;1<S- 1 spacccrafI
and its successor l: RS-2, can[m[  cumu(ly  be USUI [0 s[ucty
any part of }Iawaii  due to the Iac( lha[ the spacecraft do Il(j[
carry onboard  Krpc  recol-ders. This requires Lhal da[a we
transmitted in real-time 10 ground slalioms [11:1[  aw in Iiiw
of sight of [hc spacecrai”l.  In order  [o COIICCI ERS-2 :u)cI
JERS-I ra(kar data, the LJuivcrsily  of I Iawaii al MIUI(XI  (o!)
the island of Oahu) is building a ground sla[ion spccilically
to study Mauna I.oa imd Kilarreil  using da[a Iroln  [htsc
satellites. 1[ is expccttxl that [he 1 l:lWilii  grou[ld  sl:dion will
be operational by JuNe 1995.

The ground rccep[ion capahi]i[y  for lll(lill’ d:ll:l 01’1 IilW:lii
creates the opportunity for Cxtcnsivc  [opL)gl’i(p!llC wd gWdC-
tic invest  igntious  of’ 1 Iawaiian volcanoes. LJsillg a lcch -
n i q u e  called  ril(lCW inler!erolne(ry,  w h i c h  cohcrcn[ly
compares the phase in fOrlnilliO1l  contained within two radw
images of the same scene, the value of the P, RS- 1 lilLt:U’ da(il
in the analysis of ground movemcn[s  ilss[)~i:l[~d wi[ll
ear thquakes was (lclnonsiril[ed  for the 1992 1.andcrs
E,arthqu,ake i n  California  ~Massonnet, c[ al., 1993,  19[)-1:
Zebker, ct :11., 1 9 9 4 ] .  ‘1’lles~  ~:ldi(r  obs~r\i~(io[)s  ~[]ilbl~
ground movement at :1 fraction Of il rild;lr WilVL!lCll~(ll

(typically -3 m m  in l i n e - o t ’ - s i g l ) t  IIIovuIIwnI) [() be
ictentifkxf over dw e n t i r e  imxge (or dry largcls  iil lrid
environments. Provided tha[ (he pl)ilSC (Jilt~l I’ro(n lhc rmku
can bc correlated (the mois[  il(lnospl)et~ it] I litwi~ii  ll~i~y
prove to be a probkm at low elevatio[)s), such observations
are predicted to bc of great value for the s(udy of ground
deformation prior [o a new erup[ion, or for (he Ini[ppil}g 01”
the planimtric shape of new lilv~l flows [Mougi[~is-M:uk,
1994c]. Current plans arc for El{ S- 1 il[ld 111? S-2 [o bc
flown in tandem so that ~xilc[-r~pe:l[  covera:c will bc
Obktined once during a 24 hour in[crvaJ mnc[ilne wi(hill  :1
35 day observation period. l:ollowin:  [he expec[cd  dulnisc
of ERS-1 il} late 1995, ex:~~t-r~p~i]i COVCragC will o[]ly bc
achiewxt  from successive orbi(s  01” (Iw 1:1/ S-2 sp[lcccr:il’i,
which will have a 35-diLy rcpcn( i(ltervid. .Jlil<S - 1 l:\di\r d[i{:i
will dso  b~ coll~ct~d every 24 (Jiiys. ‘[ ’hllS  i( Sl)OUtd  bC
possible  to  generate ir dcft)rma[ioil  m~ip 01” Mau[m [.ON
approximrr[c]y  once pcr month.

The Canadian RADA1<SAT  spacccratl  ~l<i~l)cy CL ill.,
1991] will also imfigc 1 lnwaii, excepl in (his iusla[wc (I1C
da~~ will IX rccorclml ON board, Ijil(i( IIOIH RAl>ARSA’1’
will be particularly usclu] for I’rcqucn[  l[ll’~t-ill’~;l  covcia:u  01”
the Big Island, due to [hc vi~ii[bl~ sw[t[h width, lnul(iplt
incidence at]glcs, :uld variable Spil[i;d  rcsolu[iot]” ~ilpill)ili[ic~
of thc sensor. I [owcvcr, b~c:(us~  01” [I)c lil~k 01 good” [lit\’i -
gation o f  the spacecriill  (lhc abscuce t)l ol)boml  Cil)S
equiprncnl),  it is unlikely [I]il[ RAIJAI<SA’1’  (lil[~l will bc
useful for inwrt’crometry  cxpcrimcnts because LIw basclilw
separation of the orbits will not bc kIIOWIl [() WI ~t(l~(jl)il[~
a c c u r a c y .  RAI)ARSA1’  is pla[l[lcd  lor laLlnch iil cm’ly
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1996.
A  major ilnprovclncn( [o {Jp(ic:d reIntNe sctlsillg l’ro[n

space will occur in 1998 with [he launch of [Iw NASA’S
Earth Obscrvin: Sys[em AM-1 pla[forin, which will
include the ALIvanccd Spaccb(mm  ‘1’hcrmal  I;[nissioll a[ld
Reflection Raditmwter (AS”l’lIR)  and [hc Modcra[c-Rcsolu-
tion Imaging Spcctrolnctcr  (MODIS). AS’1’111/ is a 14-
channel imaging inshwmcn[, wi(h bands  ii) (he VNIR,
SWIR and ‘1’IR (Table 3). “1’he pixel sim is 15, 30 or 90
m, respectively for the three wavelength regions, wilh o
repeat cycle of 16 days or Icss,  depending  on ki[i[udt; tlic
swath widlh is 60 km [Kahic,  t! I al., 1991], MODIS will
provide images in 36 bands bc[wect~ 0.4 and 14.5 ~In with
a pixel size of 250 m ald 1 km. ‘1’hc  1 km resoluli{)n
images will bc available every onc or LWO  dilys. MOI>IS
will thus allow monitoring on a 1-2 day basis whilth
ASTER can be used for dc~~ilcd process studies.

ASTER’s VNIR bands arc similar to [he [.:u)c]sa[ ‘I’M
bands and the ‘I”MS bands in this wnvclc[l~dl  rcgio{l, Hllow-
ing detection ot’ changes in iron oxidation :md vegc[:l~ioll
clevc16pment, The SWIR bands will improve the capability’
to detect and map Lhc development 01 clay minemls,  :lssoci-
atcd with soil development and weathering in more hulnid
climates. ‘1’he  spectral resolution of the AS’l”l~R ‘1’11/  sy+
tcm is very similar 10 ‘l’IMS; lhcrcforc’, AS’1’Iil/ should
allow scientists 10 map ho[h lhc ch:uigc in sur[”iicc pN)pcL-
ties of lava 11OWS. and 10 inap the S02 in Crup(ioll plulnvs
from Mauna 1AM,

l’hc ilnprovclnent  in  pixel sim of [he dwrin:il  b:iods
compared to AV1 11{1< (90 m vs 1 km) will allow ln:~ppillg
of lava 11OWS, lava tubes, and lava ponds, iils[ead O( jus[
detecting them. 1[ will also be possible 10 Lle[erlninu
temperatures for volcanic features whose Ilo[[cs( colnp{)-
nents are smaller than a full pixel (gencraily  [he ca.w t’or dw
flows, tubes and ponds). ‘1’hese new c:lpabili~ies will
improve our ability to map Mauna I.oa, tls WCII  LS o[hc~r
vokmnocs worldwide.

Ackn(>\vle(iget}  lent.~. Wc would like [0 ;ic$k[lowlcdgc
the thoughllul advice of manuscript revie\vcrs David RMhc-
ry and Ronald Clrcclcy. l’his work wm pcrforlncd  :11 (Iw .IUI
Propulsion I,abol-a[ory,  California Insti(u[e  of “1’cchnot{)gy,
under contmct  to the Na[iolud  Acr(mau[ics  and Space Adini -
nistration.
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‘1’ABI.I;  1. BWNI l)iL$S~S 01” Scw][wrs- — .  ——.

NS(XI 1 ‘[’lMS
CIIANNI:I. WAVI:I ,l{NG’I’I  1, pi)} CIIANN1:I. WAVI:I .[:NGI’}1,  pm. — —  — _ _

1 0.45—0.52 1 8.2–-8.6

2 0.52–-0.60 ? 8,6+9.0

3 0.63–0.69 3 9.&9,5

5 1.0-–1.30 5 10.2—11.2

2 2

6 1.55-–1.75 6 11,2—11.7

7 2.08-2.36

8 10.4 -–12,s -—— ——— .—



‘l’AIll Ii 2. (’h[ir:ic[crk{ic~  [)1” [{:KI:K SvS[c II~S’1 IKI[  I I:IVC IIIUIQCd  N1;~uIM l,oa—- —--— _ — — .  . -  _ _ _
/,]

Sensor w21velcllulhJ l)ixcl siiw AII:IC Poltization— — — . .  _

AIRSAR c, I., 1’ 12.5 ill/pixel ~~ .600 H1l, llV, VII, Vv

TOPSAR 1,, p 12.5 in/pixel 20-600 1111, }IV, WI, VV

c 12,5 m/pixel 20-600 Vv

JERS- 1 1, 18 in/pixel 350 1[11

SIR-Cb x, C, 1. 25 m/pixel 56° iilld ()()0 X-VV, C-VV, I.-lIiI

ERS-2C c 25 111/pixel ~qo-. Vv

RADARSAT3 c 25, w, 100 Ill/J’)_ 20-  m“ 1111-— -———. .. —.-
a Radar wavelengths are as follows: X-band is 3 cm, C-band is 5.6 cm, L-band is 24 cm, and P-band is 68 cm.
b SIR-C/X-SAR  operated in many different wavelength/polarization modes [Evans et al., 1993]. Only those that

were used to image Hawaii are given here.
c Future radar system if value for Mauna Loa studies.
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‘1’ABI .]; 3. AS’I’I-:R  (’h:IIIIIc!s  md \~’:lVCk211!21h &III)—.——. —. . .  ..—

VNIR SWIR ‘1’11/—-——. — . — —  .._

1 0.52-0.60 4 1.600-1.700 1() 8.125-8.475

2 0.63-0.69 5 2,145 -2,18s 11 8,475-8.825

3 0.76-0.86 6 2.185-2.225 1:! 8.925-9.275

7 -1 ?;$-~,m~~-, -.. I:{ 10.25-10.95

8 ~,~05.2,365 14 10.95-11.65

9 2.360-2.430—- —-— .—— —— . .._-

.
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Figure Captions — 15.5 CIN wide

Figure  1. InLIcx  map 01 lhc island 0( 1 lawaii showing [Clc:~[iclll (,1” illl;lgcs cliscusscd  i~l lhis papw.

Figure 2. I.abomtory  rctlcc[ancc spectra (i” :LWI) vcgc(a[it)!l WH-I M:iu[ul [AM ;M ;u)LI IHih(wboe 11OWS  dating
from 1935, 1899,  200-500  yLWSBl>,50  ()-150()  yc;us BI), 1500-4000 yciws B[]:ll~~14000-9000y c:trsB I).
Reflectance values at 0.8 ~LIn arc indica(ed above each curve. SIwcU’a  Ivive been oI!w[ vertically for
clarity. Positions of NSOOl channclsaw  i[]diuatcd:lbovc  [Iwgr:lphs.

Figurc3.  I.abofil[{)ry  spcc[ru[ll (ll:lc~)t)lcd  s+ Lll~pic ct}llcc[cd l"itjll~:  l[l; ~c~ivel )uli(){)l  l(JwillM:ly, 1989.
TIMS channel Ioca(ioas  arc shown on upper :rxis. ‘1’lw I:lbora[t)r,v spcc[tolllctcr[rlc:lsurcs  rcllecurnce,

1 I ilo-Kona jeep trail

0.5 ka) which have

~igure  6. A Lfccomcla[ioll  slrclc’hcLl ‘1’IMS ilnayc of part ol” [hc I)OL’111 ll:u)k of JMaUIEI 1.oa, Bands 1, ?, and
5 are displayed in blue, green and ml, rcspcc[ivciy. Age :u)d \feg~cl[ioll  CX)VCF illl”~wma[ion  are given in
Figure 7.

Figure  7 .  Index map for MaLIiKL I.oa ‘1’IMS  ima:c  (I)l:i{c  1 ) s~~wil~g  t“lt)w  Outlims ar~d ages (dates for
historicrrl  flows; radiocarbon agc grouI~s for prcbis[oric  IIIJWS 1 = 0.?—0,5  ka: II = 0,5-– 1.5 ka; III =
1.5-4 ka; IV = 4-8 ka; V = >8 ka); “a” is aa: “p” is p:dl(wllt)c. (’irclcs  Inark lo~’olion  Ior sarnplcs  of
Figure 3. Nurnbcrs  in boxes gi\w (Iw vcge[a[ion cover lnasurcd  III [hu I’icld  I’LX \cicc[eLI 11OWS (J. B.
Adams, personal c(>[ilrnu[lic:ltiorl, 1988].

Figure 8. NSOOI  principal colnpo[lell[s  ilnage, Ba[KIs 1 dlrou~h  7 were USCLI for [he analysis.  The load-
ings for component 2, displayed in red, produced a dillerc[lcc  bc[wee[j tiw 11< and VIS bands; component 3,
in green, was heavily loaded ZS (1w dillercllce bc[wccn bal~~ls  3 and 1; componcnI 4, in blue, was heavily
loaded as the dilfercrlce  bL!twccn  bands 4 :u)LI 7. ‘1’he o\’c’riay SIIOW, i[~{crprc[ed  llo\v contacts, wilh age
labels as in Plate 1; p = pahoehoc;  a = aA; L)p = ul)di(”ltirca~i:~ble  prcl,istoric  pahoehoc: 43:] = 1843M; 35a
= 1935al,

Figure 9. ‘I”IMS  Llccx)melaliou slre[clwd  iinage ot [he MauN:i I.(M [CS( LU(XI.  B:uKIs, 1, 3, altd 5 are display-
ed in blue, green, and red, respec[ivcly,  “Ilw ovLvl:Iy  shows ill[crprc[~d  I“low  c[m[ac[s, wi[h age labels as in
I%lte 1; p = pabod]oc;  a = aa; Lrili[s labeled ‘“a” ai(MIL’  = Lllldi[cl”l”cll~i;ll)lc :EI: ~fp = ]~ifp; 43p = 1843p.

I:igurc 10. Combined NSOO 1 anLJ ‘f’l MS LI;II;I  proccswd u~i{lg a pl Illcipal  coinponuu[s  Lfiir~sfc)rlll:ltiot~.
NSOO1 bands 1 through 7, and “I’l MS b:lllds 1 [hrou~l~ 6 were used fur [he analysis. PCI,  PCS, PC6
(fisp]ayc(J in r~~, grcell  [11)(J  b]uc, r’cspcc[iv~]y, ‘1’Iw ovL!L’l:Iy  shows  ill[crprc~td  flow CO1l[aCIS,  WiLh age
labels m in Plate 1; p = pfill(wlltx;  n = aa; 35dp)  = 1935: i(p); 43a(p) z 184?Ia(p).

Figure  11. ~i~(>l[)gi~ map of IIN Mau[]:i  I.();I ICSI si[c. Spcc[r:ll  s~unplc si(cs ;LW il]dic;itcd  by numhcrs 1-
12; p = pahochoc;  a = aa; 1 = unit 1 (0.2---0.5 ki~): 2 = ul]il [1 ((),5– 1.5 k:~);  3 = unit [11 (1.5-4 ka); 4 =
unit IV (4—8 I@; 5 = uni[ V (>8 ka). M(~Iificd  I’(om  J. l.oukwimd ~urlpub[isjwd  LI:Iui,  1988],

Figure 12. Wavclcngtil dcpctldencc  of Llmrmal Iadi:lllcc,  :i~c[)dill:!  [() I)l:uwlc’s  t’onnula. lor surfaces with a
uniform cmissivily 010.8, plo[lul (or a ran:c  of [c Jnpcr;  I[urcs. ‘1’hc b(~xes indica[u [he bnnd pmscs a n d
opera-tionrd  range of radiance for lhc visible and shoI”l wavciciig{h  ill[”l”; ll”L’1] [ .: II ILls:I( ‘1’bclnalic  Mapper  (l?vf)
sensors. Alter l~rallcis and RoIhcry,  1987.

Figure  13. Maps showiag [hc covcragc  of MIIUI1;I  1,oa wi[h ilnagi[ly  radar sys[cl]is.  Arc:l\ in rcd show
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placM whtrc  data werc collected i n  1 9 9 0  (IcL’L), 1~)’)3  {ccl]tcr) :II]d 1994 (righ[),  ‘1’hc AIRSAR data
collected i n  1990 were obtained wilh mul[ip]c p;lr;dl~] I“ligll[ lill~’s , S() [h; l[ dlC’11’  iS S[)IIIC  OVCr]~ppin~
coverage at different  incidence angles alo[),g dw cc[i[ur ot’ MCI) of [IIC  LI]rcc br(xid  b:lnds shown here. The
l a rge  square  in  (he 1993 [nap  shows (he Ioc;l(iol)” (JI” {Ilc IIJRS  - 1 dil(:l, a(]d [Ilt’ smaller area on the
SOUthWCSICrn  tip ot’ the islil[]d marks W loc:~[io[l  Of UN ‘l’UI>SAR  lt:l[:i, ‘1’hc  Iniip [or h 1994 SIR-C data
shows the coverir:c  d]at was ob[ailwd duri[lg  (he (WO I“ligbts  ill April ~Ind oc!t)bcr,  1994. SRI.- 1 DaLt
Take 52.1 provides the coverage dm[ cx[cnds  I’r(Mn Sou(h  I]oi[l[ 10 f [ilo, SRI,- 1 [)a[a l’ake 122.2 the
coverage from Kohala and fIudalai  10 Kikuwa,  and S1<1.-2  I)ala ‘1’akc 36.1 Ihc covcla:c  of western Mauna
Loa. Additional dala were also COIICCIWI by SRI.-2 ill Oc(obcr  1994  ii( higher spa[ia]  resolution (12.5
rnlpixel) for subareas within [his b~oid~i covcragc,

Figure 14. AIRSAR  aircraft radar image ot Mokuawcoweo  caldera,  obtaii]txl  Augus(  6, 1990. TIN geom-
etry of the c,alderir is dis[or[cd due [o [hc oblique viewil~g ycoine(ry LI[” the UWI:U.  ‘1’his ilni[g~ is a combina-
tion of P-band  I IV displayed in red, L-band I IV displayed ill grccl], il[]d  C- biil)d 1 IV displayed in blue. The
viewing direction is from [he cas(, i][)d [lw incidcncc a[)glc viuiCs l“IOIl\ 35° in the nc:rr-rm)ge [o 62° in the
far-range. ‘I”his combination of radar wavelcngIIIs  and pokuiz,:l[ions  enbaIwcs  lilt dit’tercnces  between the
historical aa I1OWS  (in grecll) WKI [he prehis[{)ric  pahoehoc  tlows (ill puI”plc).  ()[ht!I”  Icrrmres can also be
identified: (a) the 1975 and 1984 [lows in Soudl Pit: (b) [he [lsh dlposi( :iss[)ci:lttxl with [he 1949 cone;
(c) individual 11OW lobes in [lw 1:1(cs[ prcllis[(wic  I’1OWS [M~i~d~)llidd,  1971]; (d) segmtn[.s  01 the 1984 lava
flOWS  On the floor of North Pit; and (e) LI]c 1940 cone, Also visible (arrowu-t)  is the 1984 eruptive vent,

Figure 15. S1)O’l’  panchrmna[ic image of M[)kl]il\vC()\ve() caldcra,  snowing ~he al~ii included in the AIR-
SAR image (l~igurc 14). No[ice that at op~ical wavele[~gths  [Iw st]clly, “l~)u[l[:lil~-1’cd”, pahochoc flows
appear darker than older, dense, “[ubc-t’tll” p:LImcllfw,  WICI :1:1  :IppL’:us  dwlwr Ll]:u]  piLI)Lxshoc of equivalen[  or
younger ages. North is [owards [he [op.

Figure 16. AIRSAR  aircraft rwhr  i[t)i\gc O( p:w( ot’ the Niiwk  I Iiils (N)  dw easiern tli~l~k of Mauna L.oa,
obmincct August 4[11,  1990, l’his ima:c  is il combill;ltion of l>-band I IV displaytd ill red, 1.-band IIV dis-
played in green, and C-band  1-IV displayed in blue. ‘1’hc vicwill: ditcclion  is I’10111 [he WCS[, and the inci-
dence angle  varies from 35° in LLW ncm-range  (o 62° in the l“i~-~,1[]~(, ‘1’l)c l)-b:u)d ~liltil cllables the 1950
Kahuku flow (“A”) [O bc idcn[ificd. but tbc prdlisl(wic  I’obin:i I1OW (“B”) nils r;idw b:]~ksc>il[[er  charac[erk-
dcs  that are comparable to (1IC rain 101.csL and so cmno[ be dis~rilnita][ed, No[ice dui[ no other flow
margins can be iden[ilied io [his SCCIW, so that [his r:ldiu da[a SC( cannot be ustxl [o extend existing
geologic maps of the ,ama. “1’he radiu does, howevcl,  clearly delinca[ LLw Makitiilia  ridge (“C”), and subtle
breaks in slope (arrows poin[ downslopc),  ‘1’wo  jeep mlcks (“L)”) r:lt) also bc seen, Ima$e wicldl is -12
km, the viewing direction is from Lhe left,

I’igure  17. AIRSAR aircraft radar image ol” Ilw SOUdI  Point area oil the (.tis[:d  cncl of the Southwest Rift
Zone of Mauna I,oa, ob[ained August 4th, 1990, ‘1’his imagt  is a cojl~bin:l[ion”  of f)-band lIV dispalyed in
red, L-band IIV displayed in green, and l>-bil[ld VV displayed ill btu<’, l’be viewing direc[ion is from the
northwest (top of image), and the incidence an:lc  viili~s [1011) 35° ill [I]C  nwr-IwIgc  [() 60° in the far-range.
At “A”, several lobes o! lhc 7.2 Ka Puu I’m) [’uc~) F:I(NV (which is ~overcd  by 20-40” cm of ash) can bc
identified. l’he 1868 now is at “B” .  By  vir[ue 01” the Iutk-dircc[itm, [k s~il  cliff aIId Pali o Mrmmlu
(black arrows) is clearly  seen, Dunes WC ]cxa[cd a{ “(Y’.  ‘1’bc  c~m~billa[ion ol’ two P-b:md polarizations is
particularly good a( showin:  [lw morph~)logy  o(” I“lt)ws II):N tic bciw;~lll  a surficial  liiy~r of dle Pahala Ash,
which is 2—8 m ihick at this locali[y [S IeartN and lvlacdol~:lld, 1946]  ii[)d is prd(]mi[]a[cly dark green in
this image. ‘1’his penc[ration  ualblcs  dw suwc[ure  01” some lww-surl’tl~e  prehistoric Il(nvs (o bc seen at “IY’
and “E”. Interestingly, dw bamcn 1868 Ilow (“B”) has [hc saine r:d:u chr:lc[cris(ics  as flow “D”, which is
deeply  covered in ash. N() licldwork (o invcs[ig:l[c  LLmw r;ld:u propcl”[ics has. however, been done at this
t ime. The light at SOrrdl  Il)inl is il[ “l”p’. ‘i’hC Whi[L!  ill’lo\VS  pt)illl 10 SCVC1’iil Ot’ (k l) UIIl&OUS wild
s~caks (hat Imvc t’ormcd in LLw  IOOSC  surficial nm[cri:ds  ii] lcspo[lw [{) [hc plevilili[l~  [mdc w i n d s .  Imzrgc
width is 13 km.
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F i g u r e  CLrptions  — 8 cm \vide

Figltrc?  1. Index map of IIle islmld t)t’ If:lw:lii  sh~~willg
location 01 images discussed ill Lhis p:l~r.

Figure 2. I.aboratory  rcl’lt!c[ailce  spcc[r:i  of :WCI1
vegetation and M:IUIM  L,oa aa and pall(wh(w l“lt)\vs til[illg
from 1935, 1899, 200-500 years  BP, 500-1500” ye:ws
BP, 1500 -4000 years BPmt4000-9000yca  rsBl), Re-
flectance  values  at 0 . 8  pJn arc indicated  above each
curve. Spectra have been ot’lsc( vertically for ckrily.
PosiLions  oINSOO1 chaIIncls  ;UC il)dic;llcd :Ibove (1IC
graphs.

Flgure3.  I,ab()ra[{~ry  spccwulll (>l':lc[)c)icd s:ul~l>lcc()l-
lected f r o m  a n  active  Puu W) I1OW in M;iy, 1~)89,
TIMS chal}l}ellt~catit)[lsarc  shown on upper  axis. “1’he
laboratory spcctl(>[tlc[crllle:isures  rctlec[:ulcc, which is
equal to(l-cmissivi[y)  according (() Kirckhof~s  klw.

Figure4.  I,ak>ratory  rcflect:lllcc  spcc~:l  ~)1 M:lulltl[.c);l
Iavas collected along the Ililo-Koila jeep trail (Figuws 5
and 6). Letters A, B,a[~dCrcl’crf[)spccu:d  t’c;l~urcsdis-
cussed in the text.
(a) aa
(b) Prlheehoc

Figure 5. [laboratory rc!]ec[ancc Spcclra  01’ Xl and
pahoehoe of the s,amc age (0.2 —-0.5 ka) which h;L\c
been normalized.

Figure 6. A dccxmcla[ion  slrc[chcd ‘llMS iln:lgc L)I” [XU[
of the north flank of Mauna 1.oa. BaIKIs  1, ~, and ~ {lK’
displayed it] blue, green and red, respuc[ivcly.  Agc :uid
vegetation cover information arc given in l:i:urc  7.

F i g u r e  7 .  Index map Ior Mauna l.o:i ‘1’IMS  iinilge
(Plate 1) sowing flow ou[lil]cs and ages (da[cs  l’or
historical 11OWS; radiocarbon agc groups for prchis[t)ric
flOWS ] = 0.2—0.5 ka; I] = ().5- 1.5 ka; i]] = 1.~---~
ka; IV = 4-–8 ka; V = >8 ka); “a” is a:~; “p” is
pahochoc.  Circles mark Ioca[ioil  hM’ sa[nplcs  ol’ }:iyurc
3. Numbers in boxes give the vegcta[i{m c~)vcr milsurcd
in the flcld Ior  selected  I1OWS [I. B. AdMns,  pcrw)[i;il
communication, 1988].

Figure  8 .  NSOO1  principat cmnpolwl)[s  i[n:lgc. [l:li~ds
1 through 7 were used I“or IhtJ analysis, ‘1’hc  l(xtdillgs
for component 2, displayed ill red, produced a clifl’crc[lcc
bc[wecn [he IR and VIS bands; coInpoIwIII  3, ill green.
was heavily loaded as the dit’kwncc  bc[wcct} b:u)ds 3 :UILI
1; componenl  4, in blue, was kavily Ioadcd :IS Ihc liil”-
ference bctwccn bands 4 and 7, ‘1’he ovurlay shows
interpreted I1OW con~ac[.s, wi[h age labels :ts in Pl:l[t l;
p = pahoehoc;  a = :M; Up = l)[)~lil[”crc[lti:lt>lc prcbis[(wic
pahoehoc; 4%= 1843aa; 3% = 1935aa.
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Mauna I.oa test area, Baods, 1, 3, and 5 we displ~[ycd ill
blue, green,  and ml, respectively, ‘1’IK ovcrI:Iy  shows
interpreted I1OW contx[s, with age labels as ill l)kL(C 1:
P = ~~hO~hoe;  ~ = M; uni[s l:lbc]cd “:1” ll](ll]c = l]l)dl[~r-
rentmblc  aa; 3Sp = 1935p; 43p = lW3p.

Figure 10. Combined NSW 1 anLI ‘1’IMS data prtwcsscd
using a principal compoocnis tritl~slorll~:l[it)l~.  NSW 1
bands 1 through 7, and TIMS banLIs  1 Lhmugh  6 WCIC
used for the analysis. PC 1, ITS,  IK’6 Ltispl:lycd it] red.
green and blue, respectively. “h overlay shows il)[cr-
preted  flOW COlllacts, with age labL?lS as ill l]lill~ 1; p =
pahoehoe;  a = ~~; 35a(p)= 1935i](p);  43a(p)= 1843:i(p).

F:igure 11. (lologic  m a p  0[” [k M:IUIUI  L(M ICS[ si(c.
Spectral sampk! sites are ildica(cd  by nul]lbcrs  I -12: p =
pahoehoc; a = aa: 1 = unil 1 (0.2—O.5 k;d; 2 = ulli( l]
(0.5—1.5 ka); 3 = unil 111 (1.5---4 k: L); 4 = uni[ IV (4---
8 ka); 5 = unit V (S3 ka). Modilicd [’mm J. Locku)o(d
[unpublished data, 1988].

Figure 12. WilVfJIC1l~tl)  depcndcllcc Of thcllll:ll  rwtillllcc,
according to Plauck’s  itmnula,  for sur!’hcm  wi[h o utli-
form emissivi[y  of 0.8, plotted for a range 0[ llJlllpC1”il-
tures. The boxes indicate (he band pi~ss~s and opera-
tional range of radiance for [hc visible OI)LI sI)OII  \vii\f~-
length infrared l.andsa[ “1’hema[ic Mapper (’I’M)  scilsors.
After Francis and JUMhery,  1987.

Figure 13. Maps showin:  [he covcragc of M:mna 1.O:I
with imaging radar sys[cms, Arcas  in red show plwxs
where datil were collec[cd  in 1990 (Ic J[), 1993 (cc[~[cr)
and 1994 (right). ‘1’lw AI I{SAR d:~ta col]cc(ed in lLY)O
were obklinctl with multiple parallel Iligllt Iillcs, so [h:~t
there is some overlapping coverage at Llit’lcrun[ incidence
angles along the center of each of the three b~oild bids
shown here. l’he ktrgc square  in lIw 1993 In~Ip simws
the location of Ihe J1{I<S-1  data, and (IK slndk’r Mc:l  [)11
the soulhwestera tip of the iskud  marks tlw {C)cv(li(](t  01”
the TOPSAR data. The map for dw 1°94 S11<-(’  [Ia[:i
s h o w s  the covcragc tha( W:IS ob[aimxl  during [Iw [w()
flights in April aod (lctotwr,  1994, SRI .-1 l>a[i~ ‘[’LAc
5 2 . 1  providm the covcrayt  that cx[e[~ds I’rt)ln Sou Ih
P o i n t  tO IIi]o, S1<1.- 1 l)ill~l ‘1’[lk~  122.2 lhL’ COVCI’:(:C
from Kohala  and 1 [ualalai [o Kilauea, and S1/1.-2 l):ll~i
Take 36.1 the coverage of wcslcm MNuIm  1 Am. Addi-
tional data were also CO IIL!CICLJ  by S1<[,-2 i[i OC’Iobcr
1994 at higher spatial resolution  ( 12.5 in/pixel) t’oL sub-
areas within this broader ~ov~rilge.

I;igure 14. AIRSAR aircraft radar ilni[g~ of Moku:IwcI-
owco caktcra, ob[aimxl  Augus[  6, 1990. “1’hc gIL’(u  IIc Iry
of the Caldcra is dis[or(cd  due (0 the oblique vicwillg
geometry of the radar. l’his i[nage is ii co]nbilu~ti~)n  ol’
P-band IIV displayed ill red, [.-billld  1 [V disptaycd  ill
green, fmd C-band }IV displayed in blue. ‘1’lw vicwillg
direction is from Lhc eils(, and [Iw incidcllcc :mglc vwics
from 35° in the near-rnnge [o 62° in [he [“iU”-fiLllgL!.  ‘i’his
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combination of radar wavclc[]y(hs  a[)d pc)l;wi~:l[i~)lls
enhances  the Ltit’lcrcnccs bclwccll IIlc his[oric:d  ;I:I I“lt)ws
( i n  g r e e n )  and [he prcbis(oric  pahoclloc I“it)ws  (ill
purple) .  OIher fc?a[urcs  CWI also be idcll[ificd:  (;[) [hc
1 9 7 5  and 1984 tlows in Sou[h  Pit; (b) [hc ash dcposi[
associated with lhc 1949 cone: (c) individual (low lobes
in [he latest prchis(oric I1OWIS [MiicLIoIM1d. 1971 ]: (d)
segments of [lw 1984 lava 11OWS ON fhc lloor 01” Nor[h
Pit; and (e) the 1940 cone. Also visible (arrowcd)  is tbL!
1984 eruptive WM(.

Figure 15. SIKY1’  panchromatic ilnagc  ot’ Mokuawc-
oweo caklcra, showing d]c area includul in lhc Al RSAR
image (Figure 14). No[ice [hat a[ optic:d w:i\’clc[)g[hs
the shelly,  “ fountain- ftxl”, pahocboc 11OWS appc:w L.uku
than older, dense,  “lubC-fcd’’p:L[)  OCiloc,:l[ l(i:t; l:lppc;us”
dtarker Uran pahoehoc ofequivalen[  or younger  ages.
North is towards the lop.

Figure 16. AIRSARaircr:llt  r:ldiut ill:igc~}lp:Lrt~ )tll~c
Ninok E[ills o n  the e:lslcrll h a n k  of M:Iuna I(M,
obtained Augus( 4[h, 1990. ‘1’his iln:tgc is :1 colnbill:l-
tion of P-band }[V displayul  ill red, L-b:l(ld i[V ctis -
played illgrecIl, aild C-b: Llld}]V dispiilyedillbiue.  ‘1’ile
viewing  direclion is from lhc wcsl, anLI [he incidcllct
m}glevaries  fr{)r1135°i[l  lhe near-ra[lgc to62°  ill [he liu-
range. The P-bald  da[ac[iablcs  [hc 1950 K: Lhuku  I’I(JW
(“A”) [o bcidentifitxl,  but [he prchis(oric  I)ohin;l  I’1OW

(“Et”) hm radar backsca[[cr  ch;uac[cris[ics  fha[ iuc cLm~p~l-
rable to the r,ain forest and so caanot be Lliscrimill:l[ed.
Notice that noother flow margins can be idcll[ificd ill
this scene, so that lhis r:ld:krd:lulsc[ca[lllol  bc U.W’LI 10
extend existing geologic maps ol [he ,area, ‘1’hc  radw’
does, however, clearly dt!lincat the MakaaIia Iidgc (“(’”),
and subtle breaks in slope (arrows point LIOWIIS1(JIW).
Twojeep  Wlcks(’’[)’’)  c:i[I:tlsobesecll.  Image wid[h is
-12 km, the viewing dircclion  is from the left.

Figure  17. AIRSAR aircl:lf(r:ld:wi ltl:lgcof[llc Sou Ih
Point areaon  tile dist:ll cll(l{)f  [llc St)tl{ll\vcs[ Rit’[ Z(M1C
of Marrna Loa, obmined August 4[h, 1990. ‘I”his iin:lgc
isacoltlbillatic)  llc~f[>-b:lllcl  IIV dispalycdinf’ul,  [.- b:ii]d
IIV displayed in grcei~, am-l P-band VV displ:iyccl  ill
blue. Thcvicwil~g dircc[i(Jilis Irom Ihcnor[hwcsI ([op
Ofi[nagc), arldlllc illcidcllcc:lllglc  vaf-icsfron  1350 in [he
rrcar-rangt! to 60° in the I’ar-rwlgc, AI “A”, several iobcs
of the 7.2 K~Puu l)(>(~l)\ict~  I;l{~\v(\vl}icl~  iscovcrcd  by
20-40 clllOf:Lstl)  ca[lbcidcll[i[”ied.  ‘1’hc  1868 f[ow isal
“B”. By vir[[icolthc look- direc[i(m,  [he s~ii~lil’1’ii[]d
Pali oMamalu (black arrows) is clc:uly M!ci). Du[ws
are located a[ “C”. ‘1’bc  colnbina[ion of Iwo l]- b:lnd
polarizations is particularly good al showing Ihe
nlorptlol~~gyoltl[)ws  IIM Iic tillcil[ll:l  sLlrl”ici:ll l{Ly~lO[”
the Pahak  iAsh, which is2-–8m  lhickal lhis Ioc:lli[y
[Stcar[lsalldM:lcdt)llald,  1946]  and isprc(lt)lllill;l[cly
dark grct!n in [his ima:e. ‘I’l]is pcllctl”illioIl enables tlw
structure of some  ntw-surface prchis[oric flows  10 be
seen at “D” ml “E”. In(crcs[ingly,  [hc barren 1868
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flow (“B”) has [k same  Iad;Ir chrac[cris[ic,s  as I’](JW  “D”,
which is deeply covered ill ash. No l’icld work  10
invest igate  these  rxlar propcr[ics Iuls, I]owcvcr,  betel)
d o n e  at dlis  [imc.  “1’lw Iigh[ a[ SwJIh Poill( is iIt “l:”.
TIc white :U1OWS point 10 SC\WUJ ol’ (Iw t]uIlwrtNs  wind
streaks hat have l’lmned ill [he loose  surl’ic’i; d II);l[cri;lis
in response [() [he prcvaili[)g  U“ade  winds, ]m:lgc widll)
is 13 km.
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